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[57] ABSTRACT

A control system for the injection of water or steam
into the combustion chambers of a combustion turbine
for reducing the emission of oxides of nitrogen in the
exhaust gas of a combustion turbine is described. The
control system includes a water control valve having a
linear flow versus stroke characteristic which is con-
trolled by an error signal representing the difference
between a predetermined water-to-fuel schedule and
the actual water-to-fuel schedule. Instruments for moni-

toring and recording water and fuel flow are also de-
scribed. |

8 Claims, 3 Drawing Figures
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1

WATER AND STEAM INJECTION SYSTEM FOR
EMISSION CONTROL OF GAS TURBINES

The present invention relates to a control system for
the injection of water or steam into the combustion
chamber of a gas turbine for the purpose of reducing the
emission of oxides of nitrogen in the turbine exhaust.

Recent governmental regulations on emissions from

5

stationary gas turbines limit the emission of oxides of 10

nitrogen. Where water injection is utilized for emission
control, the regulations also require the continuous
monitoring of water injection flow and other turbine
parameters to verify that regulations are being met.

Various techniques for steam and water injection are
described in U.S. Pat. No. 3,693,347, 4,044,549 and
4,084,934. Such approaches to emission control, in gen-
eral, have not proved to be entirely satisfactory. Ac-
cordingly, there 1s a need for a system for controlling
and monitoring of water or steam injection into a sta-
tionary gas turbine to ensure compliance with the emis-
sion requirements. |

It 1s therefore an object of this invention to provide a
water or steam injection system to limit the emission of

15

20

nitrogen oxides (NOx) from a gas turbine and to moni- 25

tor the systeni performance for compliance with appli-
cable regulations.

SUMMARY OF THE INVENTION

Water or steam injection into the combustion system
of a gas turbine is controlled by a digitally actuated
control valve having a linear flow versus stroke charac-
teristic. The total water flow to the turbine is scheduled

as a function of fuel flow and means are provided for
monitoring fuel flow and water flow to the turbine:
means are also provided for scanning these monitored
functions, calculating a water error signal based on fuel
flow and, if necessary, increasing or decreasing the
water flow In a predetermined manner to ensure the

\
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electrical summing network 24. A second input to the
summary network 24 1s provided from a compressor
Inlet temperature sensor 26 through a constant function
generator 28. A fixed bias signal 30 is coupled to a con-
stant function generator 32 which is also algebraically
summed 1n the summing network 24. The output of the
summary network 24 is connected to a function genera-
tor 34 which provides an output signal to water flow, in
gallons per minute, proportional to the liquid fuel flow,
in gallons per minute, for example.

The fuel monitoring section 12 also includes a similar
arrangement for monitoring the gas fuel flow in the
event the gas turbine is operated with gas fuel as op-
posed to o1l fuel. The components illustrated for moni-
toring gas fuel flow are similar to those described above
with respect to the oil fuel flow and hence will not be
discussed further. The outputs of the liquid fuel function
generator 34 and the gas fuel function generator 36 are
respectively connected through switches 38 and 40 to
an input of an electrical summing network 42. The elec-
trical switches 38 and 40 which are illustrated function-
ally as relay operated switches, may take various forms
including well known electronic switches. Switches 38
and 40 are controlled by logic AND-gates 44 and 46,
respectively. AND-gate 44 includes a first input which
1s a logic 1 whenever the gas turbine speed is above
95%. A second input to AND-gate 44 is a logic 1 when
the water system (described more fully below) is func-
tioning properly. This signal is illustrated in FIG. 1as a
no-water trip signal. A third input to the AND-gate 44
is a logic 1 when the liquid fuel system is operational.
Hence, before functional switch 38 is closed, the turbine
speed must be above 95%, there must be no-water trip
and the liquid fuel system must be on. When these three
conditions are met, the functional switch 38 is closed
and functional switch 40 is opened since a logic zero
appears at the liquid fuel input to logic AND-gate 46.
However, AND-gate 46 also includes a fourth input

- which 1s a logic 1 whenever the gas fuel system is on.

total water flow to the turbine is maintained in accor- 40

gance with a water to fuel control schedule.

BRIEF DESCRIPTION OF DRAWINGS
FIG. 1 1s a schematic illustration of a water injection

control system in accordance with one embodiment of 45

the present invention;

FIG. 2 1llustrates a typical water to fuel control
schedule for a typical gas turbine; and

FIG. 3 illustrates an electrical control schematic dia-
gram for a water injection system in accordance with
the present invention.

DESCRIPTION OF PREFERRED EMBODIMENT

The present invention will be described with respect
to the water injection system illustrated in FIG. 1.
However, from the following description, those skilled
in the art can readily appreciate that the control system
described herein may also be utilized for steam injec-
tion.

Referring now to FIG. 1, a water injection control
system 10 1s illustrated as comprising a fuel monitoring
section 12, a water monitoring section 14, a computa-
tional section 16 and a water control section 18.

The fuel monitoring section 12 includes an oil fuel
flow sensor 20 providing an electrical output signal
having a magnitude proportional to fuel flow. The out-
put of the fuel flow sensor 20 is connected to a constant
function generator 22 having its output connected to an
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Those skilled in the art can readily appreciate that in the
event that the gas turbine is operated on gas fuel as
opposed to o1l fuel, the functional switch 38 would be
opened and functional switch 40 would be closed;
therefore, only one of the two signals from the function
generators 34 or 36 1s applied to the input of electrical
summer 42 which 1s combined with a signal from a
potentiometer 48, utilized to set the level of the water
flow 1n a manner more fully described below. It-should
be noted that if the turbine is operating on a mixture of
gas and oil fuel, the system operates through functional
swith 38 as if 1t was completely on oil fuel.

- The computational section 16 receives its input from
the output of the functional summing network 42 which
1s connected to another functional summing network
50. The output from the functional summing network 42
1s referred to as the water reference signal Y since this
signal contains the water adjust signal from potentiome-
ter 48.

Considering now the computational section 16 in
greater detail, the output of the functional summing
network 50 is connected to a deadband circuit 54 which
provides no output unless the error signal from the
summing network 50 exceeds a predetermined thresh-
old selected by the deadband circuit 54. The output of
the deadband circuit is connected to a constant multi-
plier 86 which in turn has its output connected to a step
generator 58 which provides output pulses to an incre-
mental control valve actuator 60 of control valve 62.
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The water flows through the control valve 62 and is
sensed by a flow sensor 64 which has its output con-
nected to the input of the maximum signal selector 52.

The other input to the maximum signal selector 52 is
derived from a valve position indicator 67 which may,

for example, be a linear variable-differential transformer
(LVDT) connected to the valve shaft. The displace-
ment of the valve is thereby sensed and provided as an
input signal to the maximum signal selector 52 through
a constant multiplier 68.

Before describing the operation of the fuel monitor-
ing section and computational section, a brief discussion
of the water flow 1s presented to enable a better under-
standing of how water injection into a gas turbine is
achieved. As illustrated in FIG. 1, a source of water is
provided to a pump 70 with the water being filtered
through a filter 72. The water then passes through a
flow sensor 64, a stop valve 74 and then either through
the control valve 62 or through both control valve 62
and a transfer valve 76 which 1s enabled by the function
generator 78 whenever the output of the maximum
signal selector exceeds a predetermined threshold. The
output of the transfer valve and the control valve 62 are

connected to the high and low sections respectively of

5
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a dual manifold supply 80 for the fuel nozzles of the gas 25

turbine.

By way of example, the pump 70 may be a single-
stage, centrifugal-type pump equipped with an inducer
at the suction end to reduce pump requirements. The
filter 72 may be of five-micron size located on the dis-
charge side of the pump to prevent foreign object con-
tamination of other control devices or the water injec-
tion nozzles. The control valve 62 is preferably a Fisher
Type 184 flow controller, having a linear flow versus
stroke characteristic which is adapted to a linear actua-
tor. As described above, the valve stroke is sensed
through the linear-variable differential transformer 67.
The incremental actuator 60 may be an electric stepping
motor type linear actuator controlled by the digital

30

35

pulses from the step generator 58, with the piston of 40

control valve 62 incrementally moving a small amount
(e.g., 0.005 inches) per pulse.

Operation of the water injection control system 10
will now be described with reference to FIGS. 1 and 2.

Assume that oil fuel is being utilized in the gas turbine 45

and that the gas turbine speed is in excess of 95% of full
speed and that the water system is functioning properly.
Under these conditions, switch 38 is closed and an elec-
trical signal is applied to functional summer 42 which is
summed with the water adjust signal from potentiome-
ter 48. The output signal of the summer 42 is then ap-
plied to the summer 50 which produces an error signal
for the deadband circuit 54 proportional to the selected
water flow rate and the actual water flow rate to the
dual mamfold supply 80. The error signal is determined
by sensing the water flow with flow sensor 64, the
output of which provides a signal to the maximum sig-
nal selector 52. Additionally, the position of the shaft of
the control valve 62 is sensed by the LVDT (Linear
Variable Differential Transformer) 67 which provides
an electrical signal proportional to shaft position to a
constant multiplier 68. The output of the maximum
signal selector is the greater of the two input signals.
The error signal from the functional 50 is then applied
to the deadband circuit 54 which includes a predeter-
mined threshold above which the error signal must
exceed to cause an output signal to be applied to the
constant multiplier 56. Assuming, for the moment, that
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the error signal exceeds the deadband limit, the step
generator 38 issues a plurality of digital pulses propor-
tional to the magnitude of the error signal. For example,

if the error signal is at a maximum, thirty pulses are
issued from the step generator 58 which causes the

incremental actuator 60 to open or close the control
valve 62 1 accordance with the sensed direction of
error. On the other hand, if the magnitude of the error
signal 1s less than a maximum, a lesser number of pulses
depending upon the magnitude of the error will be
applied to the actuator and the valve will be opened or
closed a lesser amount.

The total water flow to the turbine is scheduled as a
function of fuel flow. FIG. 2 illustrates a typical water-
to-fuel schedule for a gas turbine offered for sale by
General Electric Company as the MS-5001. As illus-
trated, the water-to-fuel schedule curve is adjustable
depending upon field tests of the unit. This adjustment is
accomplished by the water adjustment level potentiom-
eter 48. It should be noted that the maximum and mini-
mum flow limits and flow cutoff at low fuel flow are
adjustable to enable compliance with NOx emission
requirements and further to prevent excessive invention
of water into the combustion chambers of the gas tur-
bine which may cause flame out.

The water injection control system also includes a
transfer valve 76 which enabies the control system to
provide a two-level water distribution system for gas
turbines requiring a high water flow turndown ratio to
ensure adequate chamber to chamber flow distribution
throughout the flow range. The transfer valve 76 is used
to switch the water injection flow from the low flow
distribution system to both the low and high flow distri-
bution systems to ensure adequate water flow distribu-
tion between the uppermost combustion chamber and
the lowest combustion chamber at the gas turbine. The
transfer valve 76 1s actuated whenever the magnitude of
the signal from the maximum signal selector 52 exceeds
a predetermined threshold established by the function
generator 78.

The transfer valve 76 is preferably a rotary VEE-ball
type capable of providing precision control which is
necessary during the transfer period while offering the
least flow resistance when the transfer is completed and
the valve 1s wide open. The valve contains a housing
which adapts to a linear valve actuator of a type similar
to that used on the control valve 62.

The foregoing operation of sensing the fuel flow, the
compressor inlet temperature and the water flow is
performed periodically, preterably at approximately
one second intervals, for example. Between each one
second scan interval, the computational section i6 cal-
culates the water error signal based on fuel flow and
modifies the position of the control valve 62 to either
increase or decrease the water flow rate to the dual
manifold supply 80 in accordance with the water-to-fuel
schedule. It should be noted that the pulses applied to
the incremental actuator 690 of the control valve 62 all
occur in a time period of less than one second so that the
water flow transients occasioned by the valve move-
ment have an opportunity to settle out {(or dampen)
before the next scan of data is taken, thereby ensuring a
stable control loop.

FIG. 3 illustrates an electrical control schematic for
the water injection control system 10 as including a
microcomputer 82 to provide the necessary timing
functions for operation of the control system and as will
be described below, to provide a combustion monttor
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function which detects abho:mal 'qp'eréti'on of the water

injection system and the combustion system as more
fully described in UU.S. Pat. No. 4,115,998 to Gilbert et
al.

As illustrated in FIG. 3, the microcomputer 82 in-
cludes appropriate input/output electronics, feedback
transducers, interface logic and an output printer for
recording all appropriate data upon the occurrence of a
system malfunction. While the microcomputer 82 and
the operation thereof are not considered a part of the
present invention, it should be noted that the microcom-
puter 1s an integral part of the water injection system for
the gas turbine control system. Both fuel flow and water
flow are scanned and the data memory stored approxi-
mately every 60 seconds (contro! update is once every
second) with the water-to-fuel ratio computed, com-
pared to a required ratio and added to the time averaged
calculation for a one hour period. This process is ac-
complished on a roll-over type basis with new data
continuously added and data older than one hour re-
moved from the calculations. Should the time averaged
ratio (water-to-fuel) fall below the required ratio, an
automatic alarm occurs with readout of all pertinent
data for the time period of interest. Printouts from the
microcomputer are useful in determining compliance
with applicable emission requirements and for deter-

10

15

20

25

mining reasons for noncompliance with these require-

ments.

In summary, a water injection control system (which
is applicable to steam injection as well) has been de-
scribed for use with a gas turbine for reducing the emis-
sion of oxides of nitrogen in the turbine exhaust. The
system includes periodic monitoring of the fuel and
water flows, computation of a water error signal indica-
tive of deviation from a prescribed water-fuel schedule
and correcting the water flow through the use of an
incrementally controlled control valve and a transfer
valve to ensure compliance with the emission of oxides
of nitrogen.

Those skilled in the art can readily appreciate that
while the invention has been described with respect to
a control system utilizing digital and analog techniques,
a fully digital system using microcomputers with appro-
priate analog sensors and analog-to-digital converters
could be employed without departing from the spirit
and scope of the present invention. Accordingly, the
claims are intended to cover all such modifications an
variations. |

What is claimed is:

1. A control system for the injection of water into the
combustion chambers of a gas turbine for reducing the
emission of oxides of nitrogen in the turbine exhaust,
said system comprising: |

means sensing the fuel flow to said turbine and pro-

viding an electrical signal proportional to fuel
flow; |

means sensing the water flow to the combustion

chambers of said turbine and providing an electri-
cal signal proportional to water flow:

a water control valve for controlling the water flow

to said combustion chambers: |

means for sensing the position of the shaft of said

30
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water control valve and providing an electrical | '

signal proportional to shaft position:

maximum signal selector means responsive to said
electrical signal proportional to shaft position and
said electrical signal proportional to water flow
and providing an output signal having a magnitude

65

6
~equal to the larger of the shaft position signal and
the water flow signal, and |

means responsive to said electrical signal propor-

tional to fuel flow and said output signal from said
maximum signal selector for computing a water
error signal representative of the difference be-
tween the actual water-to-fuel flow and a predeter-
mined water-to-fuel schedule, said water control
valve responsive to said water error signal for
maintaining the water flow to said combustion
chambers in accordance with said predetermined
- water-to-fuel schedule.
2. The control system of claim 1 further comprising a
transfer valve responsive to a predetermined magnitude
of said output signal for ensuring adequate water flow
distribution at low total flow between the uppermost
combustion chamber and the lowest combustion cham-
ber of the gas turbine. | *
3. A control system for the injection of water into the
combustion chambers of a gas turbine for reducing the
emission of oxides of nitrogen in the turbine exhaust,
said system comprising: |
means sensing the fuel flow to said turbine and pro-
viding an electrical signal proportional to fuel
flow; |

means sensing the water flow to the combustion
chamber of said turbine and providing an electrical
signal proportional to water flow;

means responsive to said electrical signals for com-

puting a water error signal representative of the
difference between the actual water-to-fuel flow
and a predetermined water-to-fuel schedule; and

a water control valve characterized by a linear flow

versus stroke characteristic, said valve responsive
to said water error signal for maintaining the water
flow to said combustion chambers in accordance
with said predetermined water-to-fuel schedule.

4. The control system of claim 3 further comprising a
control valve actuator, said actuator providing incre-
mental movement of the shaft of said control valve in
response to said water error signal. |

5. The control system of claim 4 further comprising:
generator means adapted to produce a plurality of
pulses proportional to the magnitude of said water error
signal, said pulses causing said actuator to incrementally
move said valve shaft.

6. The control system of claim 5 further comprising a
deadband circuit adapted to receive said water error
signal and to provide an output signal to said pulse
generator means whenever said water error signal ex-
ceeds a predetermined threshold level. |

1. A control system for the injection of water into the
combustion chambers of a gas turbine for reducing the

emission of oxides of nitrogen in the turbine exhaust,

said system comprising:

means sensing the fuel flow to said turbine, said
means including a function generator and provid-
Ing an electrical signal representative of a predeter-
mined water-to-fuel control schedule;

means sensing the water flow to the combustion
chamber of said turbine and providing an electrical
signal proportional to water flow;

means responsive to said electrical signals for com-
puting a water error signal representative of the
difference between the actual water-to-fuel flow
and a predetermined water-to-fuel schedule; and

a water control valve responsive to said water error
signal for maintaining the water flow to said com-
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bustion chambers in accordance with said predeter-  summing the water level adjustment signal means and
mined water-to-fuel schedule. said output signal representative of a predetermined
8. The control system of claim 7 further comprisinga  water-to-fuel control schedule.
water level adjustment signal means and means for * % x x &
S
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